Arsenic is a known carcinogen found globally in groundwater supplies due to natural geological occurrence. Levels exceeding the internationally recognized safe drinking water standard of 10 μg/L have been found in private drinking water supplies in many parts of Canada and the United States.
INTRODUCTION
Arsenic is a naturally occurring toxic metalloid that has been classified as a Group I human carcinogen known to cause bladder, kidney, lung and skin cancer (IARC ).
As one of the most common poisons found in the environment, arsenic represents a major global health risk drinking water, with only contamination by pathogenic microorganisms having a bigger impact (Van Halem et al. ) . Arsenic can be introduced to the environment from anthropogenic sources, such as mining or agricultural pesticide use, or from natural geological sources due to erosion and weathering of soils and minerals. In groundwater supplies, arsenic is a particular health concern as it is present mainly in inorganic forms, as either arsenate (AsV) or arsenite (AsIII), which are more highly toxic to humans than organic forms (Health Canada ). The primary sources of exposure to inorganic arsenic are drinking water and foods, including rice and fruit juices (Dabeka Davis et al. ). Uptake of arsenic from these different sources has proven difficult to quantify due to variable dietary habits, lifestyles and environments, but drinking water remains the major source of inorganic arsenic in areas of natural groundwater occurrence (Naujokas et al. ) .
Eating foods prepared with contaminated water is another key route for arsenic uptake.
The adverse health effects of arsenic strongly depend on dose, duration of exposure, and the nutritional status of the exposed population, but can range from skin lesions to mortality from cancers and cardiovascular diseases (Rahman et al. ) . As epidemiological knowledge has developed, the list of health outcomes from long-term arsenic exposure in drinking water has expanded revealing effects on most bodily systems, including dermatological, respiratory, neurological, cardiovascular, immunological and endocrinological (Naujokas et al. ) . A recent concern is that in utero and early childhood exposure to arsenic from drinking water can have serious long-term health implications, including cardiovascular disease, respiratory disease and mortality from cancers in adulthood (Farzan et al. a, b) .
Inorganic arsenic is naturally present at high levels in the groundwater of a number of countries, including Argentina, Bangladesh, Chile, China, India, Mexico, Canada, and the United States of America. In the most chronically affected region of Southeast Asia, it is estimated that more than 100 million people are at risk from groundwater arsenic contamination (Rahman et al. ) , while in North America over 30 million people have been reported at risk of exposure to levels that pose a cancer risk (NRDC ) . Health impact associated with drinking water contaminants is an area of increasing policy and public concern in North America, where a large proportion of households depend on private wells that are not subject to legislated drinking water quality requirements for testing or treatment. In response to evidence of adverse health effects to children from drinking contaminated well water, the American Academy of Pediatrics (AAP) has recently called for long-term public health initiatives to promote private well water quality awareness, testing and treatment (Rogan & Brady ) . The AAP's policy statement recommends that pediatric health care providers ask families if they drink water from a well at home and calls for state governments to make private well water testing convenient and inexpensive for families with children (Postma et al. ) .
However, it is unclear to what extent different state jurisdictions are currently following this recommendation for either chemical or bacterial testing, or what is being done to assist families if contaminants above drinking water guidelines are present.
The purpose of this review is to evaluate the effectiveness of current approaches to private well water management in areas of Canada and the United States where elevated arsenic levels are commonly found in groundwater. While this review focuses mainly on jurisdictions where high arsenic concentrations have been identified, a recent report by the US Geological Survey (USGS) shows that arsenic is a widespread national and regional, as well as a local, concern (Ayotte et al. ). Private water supplies are commonly defined as those that serve less than 25 people on a regular basis and/or have less than 15 service connections (Centers for Disease Control and Prevention ). This definition includes some small non-municipal drinking water systems on commercial premises, such as resorts, motels and restaurants. In this paper we focus on private residential wells, which we define as those that have been dug or drilled for the supply of drinking water to individual households, although we recognize that recommendations adopted for this population may be applicable to other groups. We first evaluate evidence for arsenic as a global health risk and describe how international and national standards for allowable concentrations of arsenic in drinking water have been established. Different jurisdictional approaches to private well water management in selected areas of elevated natural arsenic occurrence are next reviewed in detail, focusing on institutional support for water testing, treatment and public awareness initiatives. The effectiveness of current management approaches in reducing arsenic risk exposure in privately sourced drinking water are subsequently assessed with reference to existing surveys of homeowner well water testing and treatment behaviors. Knowledge generated from our review is used to identify key action areas that can build regulatory, community and individual capacity for improved protection of private well water supplies.
BACKGROUND: ARSENIC IN DRINKING WATER

Public health risk evaluation of arsenic in drinking water
Arsenic has long been recognized as a carcinogen (Smith et al. ) , and elevated arsenic concentrations in groundwater have been identified as a prevalent public health hazard worldwide (Hughes et al. ) . A landmark epidemiological study of a southwestern Taiwanese population, published in 1968, was one of the first to document that a high level of arsenic in groundwater wells (>300 μg/L) was related to a high prevalence of skin cancer (Tseng et al. ) . Later studies in the same region provided strong evidence of a dose-response relationship between drinking water arsenic concentrations and mortality due to cancers of the lung, liver, bladder and kidney (Chen et al. , ; Wu et al. ) . Since these seminal studies, high levels of arsenic in drinking water have been found to be associated with cardiovascular diseases, diabetes mellitus, neurological effects, adverse obstetric and pregnancy outcomes (Rahman et al. ) .
Most evidence linking arsenic in drinking water with elevated risk of internal cancers comes from world regions where exposures have been high (>100 μg/L), with health associations at lower levels of exposure less frequently studied and thus more contested (Cantor & Lubin ) .
In 1999, the US National Research Council (NRC) reported, with respect to the rationale for establishing safe drinking water standards, that: 'no human studies of sufficient statistical power or scope have examined whether consumption of arsenic in drinking water at the maximum contaminant limit [50 μg/L at this time] results in increased incidence of cancer effects' (NRC , p.7). A later review by the American Council on Science and Health found that there was little reliable evidence to determine the extent of detrimental health effects in humans from inorganic arsenic exposure at 50 μg/L or below (Brown & Ross ). More recently, evidence has emerged that chronic exposure to arsenic, even at low to moderate levels, is a contributor to many adverse health outcomes (Naujokas et al. ) . Ingestion of drinking water with low to moderate arsenic levels has been found to increase the incidence of bladder and skin cancer, with this elevation in cancer risk seen primarily in smokers, suggesting that tobacco use is a significant modifier Arsenic is a contaminant of key concern for public health agencies because it has a number of intrinsic characteristics that can accentuate risk exposure, and make risk identification and remediation difficult. Risk perception studies have identified sensory or aesthetic factors as key prompts for awareness of drinking water quality issues (Doria ), but many contaminants, including arsenic, are not detectable in water through taste, smell or color.
The presence of microbiological risk can often be detected through an immediate health effect on those that drink this water, as in the case of acute gastrointestinal illness from some strains of Escherichia coli (E. coli) where symptoms typically appear in a matter of hours or days. As a chronic health concern, arsenic ingestion produces a long latency between exposure and disease manifestation that can lead to the underestimation of risk and continued exposure. If individuals underestimate risks from their water supply, they may fail to adopt stewardship actions (Summers ) . Early life exposure to arsenic has been found to increase mortality from some forms of cancer (kidney, lung and bladder) for many years after high exposures have declined due to improved water supply or treatment (Yuan et al. ) . The fact that people are routinely exposed to arsenic through combined contaminant pathways, including food and drinking water, can further increase exposure to health risks and make it difficult to attribute cause (Dabeka et al. ) , or to apply appropriate corrective measures.
Establishing a safe limit for arsenic in drinking water
Establishing a guideline to regulate the maximum allowable concentration (MAC) of arsenic in public drinking water supplies has been a protracted process and the debate about tightening of these standards is ongoing. In 1958, the World Health Organization (WHO) recommended a MAC of 200 μg/L for arsenic in drinking water, lowered in 1963 to 50 μg/L. By the early 1990s the combined epidemiological evidence from Taiwan and other countries was sufficient to conclude that ingested arsenic was likely to cause several internal cancers (Smith et al. ) . A key study at this time estimated that the lifetime risk of dying from cancer from daily ingestion of 1 L of water containing arsenic at 50 μg/L could be as high as 13 per 1,000 population exposed (Smith et al. ) . The WHO arsenic guideline value was reduced to 10 μg/L in 1993, based on increasing concern regarding its carcinogenicity in It is estimated that the attributable risk of bladder and lung cancer for US populations exposed to 10 μg/L of arsenic in drinking water over their lifetime is 12 and 18 per 10,000 population for females, respectively, and 23 and 14 per 10,000 population for males (WHO ).
WHO guidelines usually designate that no substance should have a contributory lifetime cancer risk of more than 1 in 100,000 population, which has prompted environmental organizations, such as the US Natural Resources Defense Council (NRDC), to argue that an arsenic guideline below 1 μg/L is required to attain a negligible lifetime cancer risk (NRDC ). In response to scientific uncertainties in health risk evaluation, the WHO guideline value of 10 μg/L has been designated as provisional since 2008. This 10 μg/L guideline is also regarded as a practical limit by the USEPA and Health Canada given current arsenic detection capability. Reliably quantifying arsenic at levels <3 μg/L is difficult using current standard laboratory equipment (Health Canada ). Remediation to lower guideline levels can also be costly; USEPA data project that a national arsenic standard of 2 μg/L would cost Technical limitations and financial consequences notwithstanding, some jurisdictions have adopted stricter arsenic guidelines for drinking water than the WHO guidelines. In Denmark, the national guideline has been lowered to 5 μg/L (Van Halem et al. ) and this lower limit has also been adopted in the US state of New Jersey (New Jersey Geological Survey ). While most developed countries have now adopted a standard of 10 μg/L, many less developed countries retain a 50 μg/L drinking water limit for arsenic due to a lack of sampling programs, analyti- 
Arsenic occurrence in groundwater in North America
Due to underlying geology, arsenic is known to be a contaminant of water supplies in many parts of North America but is a particular concern in areas where a high proportion of drinking water is sourced from private residential wells ( Well water testing activities Under the requirements of the New Jersey Private Wells Testing Act (PWTA), which became effective in 2002, sellers must test wells for a variety of regulated parameters (including arsenic in regions where this is a known problem) before a house can be sold and information must be disclosed to buyers (New Jersey Department of Environmental Protection ). When a parameter limit is exceeded, the testing laboratory must notify the NJDEP within 5 days and they must immediately notify the appropriate health authority so they may contact homeowners with advice on treatment.
Whether this advice is followed is at the homeowners' discretion and public health authorities can only recommend corrective actions such as treatment installation, having no enforcement role to ensure that treatment is applied.
Well water treatment activities
Applying water treatment is a responsibility of well owners, sample of treated water should be tested at an accredited laboratory to ensure that the system is attaining the desired level of arsenic removal. Periodic testing at an accredited laboratory is also recommended by most regulatory agencies on both the water entering a treatment device and the water it produces to verify that the device is operating correctly.
Compliance with this recommendation is almost certainly suboptimal given cost and convenience barriers, and as noted in the case of Alberta's free chemical testing, this does not apply to treated water.
As selection of an appropriate treatment system can be very complex, homeowners are usually advised by drinking water agencies to contact a reputable water treatment specialist for advice. They are also generally advised to use only systems that have been certified by an accredited body as meeting the appropriate drinking water treatment unit standards. However, finding a reputable supplier and the most appropriate system can present challenges for homeowners due to limited regulation of the treatment industry. Homeowners are cautioned to beware of unethical businesses that may try to sell unnecessary treatment equipment, perform unacceptable water tests or use improper construction methods for wells. Such concerns are not unfounded. In a Pennsylvania study it was found that 10% of well owners surveyed had purchased unnecessary treatment equipment (Clemens et al. ) , and other well water survey results suggest that obtaining impartial advice on treatment options is a widespread problem.
Another limitation on selection and installation of treatment systems is cost. Data from the National Ground Water Association (NGWA) in the United States show that the capital cost for a whole house POE arsenic treatment system is US$3,000, while a single-tap POU system is generally US$500 (NGWA ). Treatment system operating costs quoted by the NGWA are <US$500 per annum (POE) and <US$100 per annum (POU) (NGWA ). These costs relate to the three most popular types of arsenic treatment technology: RO (membrane technology), ion exchange technology and adsorption media. However, it has been reported that quotes from treatment specialists even for the same type of system can vary widely and there is little standardization of costs across the industry. Government financial assistance for water treatment for low-income homeowners is rare although a few agencies offer temporary solutions to assist homeowners. In New York, if a homeowner discovers contaminants in their well, the state will provide water on an emergency basis or put special filters on the tap. The New
Jersey Housing and Mortgage Finance Agency's 'Potable
Water Loan Fund' also offers zero interest loans up to $10,000 to owners of single-family residences whose well water test fails to meet the primary drinking water standards. In some areas well water quality awareness programs, incorporating community workshops or home visits, have been developed for rural residents. These programs include the US 'Home*A*Syst' initiative, which has supported selfguided well assessments and workshops across 38 states since 1990, including promotion of well water testing.
Public education and outreach programs
Another initiative is the Master Well Owner Network in rural Pennsylvania, a federally funded program providing water well management training to community volunteers and homeowners (Swistock et al. ) . In Canada, similar workshop-based well water programs have been developed in Alberta (Government of Alberta ) and British Columbia (Regional District of Nanaimo ), with federal-level support from Agriculture and Agri-Food Canada. In New England, where 20% of the total population obtains water from a private well, the regional EPA has partnered with Although arsenic in drinking water is not the primary concern in this region, Well Aware has reportedly proven successful in encouraging more frequent well water testing.
Dedicated well water awareness programs are limited in other Canadian provinces, including in the Atlantic region where arsenic in well water is a major concern. In Nova Scotia, the Environmental Home Assessment Program (EHAP) offers advice on well management and testing through home visits, but this reaches only a fraction of the 40% of households in the province on a private well water supply. It has also been reported that provincial well water programs, including Well Aware and EHAP, have been sub- specifically. An investigation of private well water stewardship practices of 1,567 Ontario residents found that 90% had tested well water quality at least once, but that 65% had tested only once every two years or less frequently (Kreutzwiser et al. , ) . Notably, very few of these Ontario residents had tested their water for parameters other than bacteria and most had only taken action when there was a noticeable problem with their well water supply related to changes in taste, color or odor (Novakowski et al. ; Kreutzwiser et al. ) . A survey of 1,014 well users in Alberta found that many well owners expressed confidence in the safety of their water supply even if they had no water test results or preventative measures in place (Summers ) , underscoring the gap that exists between public and expert risk knowledge. Other survey findings underline another key point: that knowing about a water quality problem does not necessarily translate into action to avoid unsafe drinking water. As reported in the Alberta well water study, even when well users indicated they understood the need for regular testing or application of treatment, reported stewardship practices often fell short of recommended measures (Summers ) . With respect to homeowner treatment practices, another survey conducted in Churchill County in Nevada, where there had been widespread media publicity about high levels of arsenic in drinking water, found that the majority of respondents (72%) consumed water from private wells but only a minority (38%) applied treatment. Of the 351 well water samples tested in this community, 74% were found to exceed arsenic levels of 10 μg/L (Walker et al. ). These findings demonstrate that not all households, even in a known arsenic cluster area, will necessarily invest in risk averting behavior.
REPORTED EFFECTIVENESS OF WELL WATER PROGRAMS IN REDUCING ARSENIC RISK EXPOSURE
Reasons why households do or do not comply with government recommendations for testing or for treatment application relate to a complex interplay of psychological, social and economic factors (Severtson et al. ) . Commonly reported barriers that constrain good stewardship actions are inconvenience of water testing, lack of knowledge of testing guidelines, inability to identify contaminants of concern or to interpret test results, uncer- Data from private well user surveys highlight deficiencies in water quality risk communication for private well users but there is evidence that some local awareness measures can be effective. With relation to evidence from both North American and international studies, intervention and outreach strategies to engage well owners in good management practice have been shown to influence risk aversion behavior, with more intensive and integrated strategies proving most effective. Evaluation of the Well Aware pilot project in Ontario has shown that people are up to five times more likely to take immediate action to fix problems with a private well if they are visited at home by a peer well owner rather than receiving guidance through generic information dissemination or public awareness events. It is reported that 86% of Well Aware participants have followed the rec- Barriers related to enforcement of well water testing legislation present another problem. In Oregon, where legislation has been enacted that requires private well testing at the point of real estate transaction, there is currently no penalty for non-compliance. In this context, the need to make sales contingent on completion of testing and notification of results to all parties has been highlighted (Hoppe et al. ) . In other areas, it has been remarked that home sellers may have little incentive to test their well water because of rules related to disclosure of test results to buyers (Boyle et al. ) . For example, in Maine if a well water test is conducted, the results must be revealed to the buyer, but the law does not require the seller to have the water tested in the first place. Concerns have also been expressed that disclosure of information on arsenic contamination at a community level may lower property values. A study in two Maine towns where 14% of private wells were found to have arsenic concentrations exceeding the then EPA standard of 50 μg/L showed that there was a significant, but temporary, 2-3 year decrease in property prices (Boyle et al. ) . It is noted, however, that this was a much shorter effect on property prices than has been observed for Superfund site areas where prices can be depressed for a decade, and that a property specific contamination incident that is treatable, such as arsenic contamination, may not have such a long-lasting effect on sale prices (Boyle et al. ) . where children are potentially exposed to high levels of arsenic in drinking water.
DISCUSSION: ACTION AREAS TO ENHANCE PRIVATE WELL WATER MANAGEMENT
Facilitating risk communication channels
Public perception studies have shown that providing health organizations have been shown to be very effective methods in the exchange of locally relevant contaminant risk information to well owners but these methods are underutilized and underfunded in many areas of elevated arsenic risk.
Home visits and engagement of community volunteers and
Identifying and training key knowledge brokers that could assist well users in understanding testing requirements in a local area is one communication channel that could be better utilized. An example would be engaging real estate agents in awareness activities for newcomers to rural areas unfamiliar with managing private water supplies or to highlight specific local contaminant risks.
Multi-stakeholder coordination and cooperation
Well water survey respondents have reported uncertainties with relation to required frequency of testing, the selection of parameters for testing and how to interpret test results.
National water quality experts, state and provincial drinking water agencies and local testing laboratories should collaborate in producing clearer and more consistent testing guidelines. These should be tailored to reflect specific regional and local contaminant risks and to ensure relevancy to different communities. Initiatives like Ontario's Well Aware program show how integrated community-based approaches to well water intervention, involving expert home visits and interactive workshops, generate an empowering climate for well owners to practice more effective risk remediation. Stewardship programs based on cooperation between multiple regulatory and community stakeholders, such as this, need to be part of a long-term, coordinated and strategic initiative with guaranteed federal as well as provincial funding to maintain intensity of program application.
As arsenic occurrence is aligned to geology rather than jurisdictional boundaries, there is unrealized potential to develop cross-jurisdictional cooperation in well water education and stewardship programs. In New England, where university extension services have collaborated with state government agencies, such engagements have helped to produce more consistent well water recommendations and created opportunities to share experiences of successful forms of community intervention. While such efforts are not yet well coordinated and integrated elsewhere, there is significant scope for regional and cross-national cooperation between well water agencies and non-governmental stakeholders to coordinate action for knowledge transfer and arsenic risk remediation in private wells. Improving the credibility of well water remediation specialists Previous studies have reported that homeowners are often unaware of their specific needs with regard to water treatment and that many have unnecessary treatment systems installed in their homes. Treatment systems can be especially complex for chemical contaminants like arsenic when compared to simpler measures such as shock chlorination for alleviating some bacterial problems. There are many different systems that can reduce arsenic concentrations but making an informed choice as regards the best fit for a household requires sound advice from remediation experts. Federal and provincial level agencies should provide an improved accreditation process to validate the expertise of water remediation specialists, to ensure consistency of advice for well owners and to allow for some standardization of treatment system costs and quality assurance across the industry. 
Facilitating routine testing
Comprehensive cost-evaluation
Finally, we acknowledge that interventions in arsenic remediation require comprehensive evaluation in different local and regional contexts to examine their social and economic feasibility. An initiative such as New Jersey's PWTA incurs significant expenditure and may not prove an easily transplantable model for other regions. However, this should not deter feasibility studies of similar programs for other areas but should underscore the importance of including a comprehensive cost-benefit analysis in well water intervention planning. A key priority is to ensure that such cost evaluations fully consider the averted costs to the health care and social welfare system of well water interventions to reduce arsenic and other drinking water contaminants, but to our knowledge such data are not currently available.
CONCLUSION
Arsenic is a naturally toxic element with carcinogenic and many other adverse health outcomes that is present in a significant proportion of drinking water wells worldwide. In some regions, major public health crises have raised the profile of this invisible contaminant, but the true extent of exposure risk is still not fully understood or recognized in North America. This has resulted in a misleading perception of low risk exposure and limited public health interventions.
Frameworks for private well management are currently inadequate in supporting well owners in risk identification or remediation. Well monitoring is placed in the hands of individual well owners that have demonstrated variable capacity to avert risk. In recognition of this major public health concern, a number of health organizations in North America have begun to advocate for improved regulatory frameworks to manage the significant risk posed by arsenic and other contaminants in private wells. By reviewing the current status of cross-jurisdictional well water intervention programs in areas susceptible to natural arsenic occurrence, this paper has identified key barriers to arsenic risk remediation and highlighted examples of best practice in overcoming these. Government agencies and other key stakeholders involved in promoting improved well water stewardship practices should act to fully evaluate and enable the critical capacity-building action areas for arsenic risk remediation in private wells we have highlighted in this review. Our review indicates that as well as a need for regulatory enforcement there are many other underutilized
